In the die-casting process, the formation of pores in components is unavoidable. This porosity has a harmful effect on the strength and pressure tightness of die castings. To eliminate the porosity in components, its predominant cause has to be identified as being due to either shrinkage or gas. In practice, however, it is frequently difficult to tell the difference between porosity due to shrinkage and that due to gas from observing die castings. Accurate identification enables die casters to take corrective action. To identify the porosity accurately and to take corrective action in the die-casting process, the quantitative estimation of the morphology of pores such as their shape or spatial distribution can be a source of useful information. In this study, two types of fractal analyses are proposed to characterize the porosity in terms of the shape of individual pores and the spatial distribution of multiple pores. It is shown that these are indicators of whether the predominant cause of the porosity is shrinkage or gas. These parameters are expected to indicate the action that should be taken to manufacture pore-free die castings.
Introduction
Aluminum alloy high-pressure die casting is widely used, particularly in the automotive components industry, for manufacturing near-net shape products with a high production rate. In the die-casting process, the formation of pores in components is unavoidable. The porosity has a harmful effect on the strength and pressure tightness of die castings. Porosity is primarily caused by shrinkage due to solidification and by entrapped gases. 1) To eliminate the porosity in components, its predominant cause must be accurately identified so that die casters can take corrective action.
2) For instance, when the porosity is identified to be predominantly caused by shrinkage, die casters should check the metal temperature or the components should be designed without thicker sections. On the other hand, when the predominant cause of the porosity is gas, degassing the metal or increasing the metal pressure should be considered. In practice, however, it is frequently difficult to tell the difference between porosity due to shrinkage and that due to gas from observing die castings because these effects often interact with each other when pores form. The accurate identification of pores requires a huge amount of knowledge about the diecasting process, the lack of which may lead to misjudgments. Thus, die casters worldwide have been facing difficulties in finding methods of eliminating the porosity in the products they are involved in, and trial and error processes are still in common use.
To identify the porosity accurately and to take corrective action in the die-casting process, the quantitative estimation of the morphology of pores such as their shape or spatial distribution can be a source of useful information. If such estimation can be applied easily at the foundry floor to identify the cause of porosity, it is expected that the burden of die casters will be substantially reduced.
To the best of our knowledge, few studies have been performed on the quantitative characterization of porosity in aluminum alloy castings and its relation to the cause of porosity. Hairy 3) distinguished between porosity due to shrinkage and that due to gas by considering the aspect ratio in combination with the sphericity coefficient to estimate the shapes of individual pores. However, estimates of the perimeter length, which is used for calculating the sphericity coefficient, are strongly influenced by the resolution of the image used or the magnifying power of the optical microscope used for image processing because the estimation is performed by counting pixels. 4) Dighe et al. 5) and Tewari et al. 6) measured the nearest-neighbor distance of pores formed by shrinkage and entrapped gas to estimate their spatial distribution. However, the nearest-neighbor distance involves a complicated image processing technique to avoid the edge effect.
We propose the use of fractal analysis to obtain a quantitative indicator of porosity. Fractal analysis is widely used to quantify the self-similarity and complexity of natural structures such as the perimeters of clouds, coastlines, and various other geometries. 7) It is also applied in the engineering field, such as to the grain boundary of CuAu alloys to investigate the effect of introducing a refinement 8) and also in medicine to distinguish cancer tissue from normal tissue.
9)
The advantage of applying fractal analysis to the characterization of porosity is that it is independent of magnification because of the self-similarity of fractals. 4) However, the application of fractal analysis to porosity characterization has been very limited, and only the existence of the fractal nature of pores has been pointed out. 3, 4) In this study, two types of fractal analyses are proposed to characterize the porosity in terms of the shape of individual pores and the spatial distribution of multiple pores. In die castings, it is known that the predominant cause of porosity in the surface region is gas. On the other hand, pores formed by shrinkage and gas are scattered in the inner region. The purpose of the present investigation is to demonstrate the validity of the two types of fractal analyses by comparing the porosity in the surface region and the inner region of aluminum alloy die castings to confirm the possibility of using fractal analysis as a quantitative indicator of the type of porosity. Figure 1 shows the front housing of a car air conditioner compressor, which is manufactured as an actual automotive component from Al-Si-Cu die casting aluminum alloy JIS (Japan Industrial Standards) ADC12. Table 1 shows the chemical requirements of JIS ADC12. Sample pores were taken from area A. In this area, pores are easily generated, and owing to a subsequent machining process after casting, pores are exposed to the atmosphere, resulting in decreased pressure tightness. The optical microscopic observation was carried out for two regions in area A. One is the surface region and the other is the inner (center) region.
Experimental Procedure

Sampling procedure of porosity
First, a component was sectioned, and the surface was polished using SiC emery sheets of increasing fineness from #800 up to #2400 before being buff-polished using alumina with an abrasive finenesses of 1 mm. Then, optical microscopy images were imported into a personal computer using a CCD camera. correspond to the surface region and inner region, respectively. In these images, black areas indicate pores and gray areas indicate the aluminum alloy matrix. The dimensions of the images are approximately 1.2 mm Â 0.9 mm with 640 pixels Â 480 pixels. Next, imported images were digitized by image processing techniques. In this digitization process, it was possible to define the black areas as pores and the white areas as the aluminum alloy matrix. Then, the perimeters of the pores were emphasized. Figures 2(b) and (d) show the digitized images of Figs. 2(a) and (c) , respectively. Finally, fractal analyses of the perimeters of individual pores and their spatial distribution were conducted. The sample pores were collected from the same cross section of five automotive components, and a total number of 90 pores was collected from each region (surface region and inner region).
Fractal analysis of perimeter of individual pores
The cross sections of typical pores predominantly caused by shrinkage are irregularly shaped, and those predominantly caused by gas are approximately circular. 4) From this perspective, the fractal dimension of the porosity perimeter is expected to have a high value for pores predominantly caused by shrinkage and low value for pores predominantly caused by gas.
To calculate the fractal dimension of the perimeter of individual pores, D p i , the box-counting method 7, 9) was applied to the perimeter of the pores. As shown in Fig. 3 , the image including the perimeter of the pores was divided into squares with size d, then the number of squares NðdÞ that include part of the perimeter was counted. The value of d was varied and the relationship between log d and log NðdÞ was plotted as shown in Fig. 4 . The absolute value of the gradient of the linearly approximated curve gives the fractal dimension. In the case of the porosity shown in Fig. 3 , the fractal dimension was D p i ¼ 1:108.
Fractal analysis of spatial distribution of pores
It is expected that the spatial distribution of pores as well as their perimeter have a fractal nature, which means that the frequency of pores with fractal dimension D p i appearing in a region also exhibits self-similarity or complexity.
To conduct fractal analyses, we first focused on one porosity with fractal dimension D p i and counted the number of pores NðD p i Þ with a larger fractal dimension. We conducted this procedure for all the pores (90 pores in each region). Next, the relationship between log D p i and log NðD p i Þ was plotted (see Fig. 6 ). If there is a fractal relationship between D p i and NðD p i Þ, the plots will show a linear relationship. In this study, the absolute value of the gradient of the linearly approximated curve is expressed as D p s .
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Surface Region Inner Region Fig. 1 Schematic illustration of the cross section of the housing of a car air conditioner compressor made by ADC12 die casting aluminum alloy, which is used in this investigation. Optical micrograph observation was carried out for the surface region and inner region of area A. On the other hand, in the inner region, D p i was distributed over a wider range. This tendency corresponds to the pores formed in real die castings, that is, pores predominantly caused by gas with a smoother perimeter are common in the surface region, and pores predominantly caused by shrinkage with a less smooth perimeter and pores caused by gas are mixed in inner region.
Although it is often difficult to explicitly state whether the cause of formation of pores is due to shrinkage or gas, D p i appears to be an indicator of whether the predominant cause of formation of the pores is shrinkage or gas. Figures 6(a) and 6(b) show the logarithmic relationship between the fractal dimension D p i and the cumulative frequency of porosity NðD p i Þ of all the pores observed in this investigation for the surface region and the inner region, respectively. Both graphs indicate an approximately linear relationship, which means that the frequency of appearance of pores with fractal dimension D p i also has the fractal nature of self-similarity or complexity. Dashed lines show the linearly approximated curve, and the absolute value of the gradient gives D p s . D p s cannot be described as a fractal dimension, because D p i does not have a dimension of length. However, it suggests that the frequency of appearance of pores with fractal dimension D p i has a close relationship with the fractal nature. For the pores in the surface region, as shown in Fig. 6(a), D p i was distributed over a narrow range and had a high D p s value. On the other hand, for the pores in the inner region, as shown in Fig. 6(b) , distribution and has the possibility of being used as an indicator of the predominant cause of porosity formation, shrinkage or gas. In other words, D p s is regarded as indicating the extent of porosity formation by shrinkage, when D p s is higher, the amount of shrinkage involved in porosity formation is greater, and when D p s is lower, shrinkage is less of a factor and gas-induced porosity formation becomes more prevalent. Therefore, it is considered that suitable corrective action may be taken after determining the value of D p s . When D p s is low, die casters should take action to eliminate porosity formation by shrinkage, and when D p s is high, action to eliminate porosity formation by entrapped gas should be taken. However, to apply this quantitative porosity estimation technique to practical use, more systematic research must be conducted. It is also necessary to collect and store data for various casting conditions.
Estimation of D p s (fractal analysis of spatial distribution of pores)
The use of only D p i to quantify the porosity may be possible, but it remains an arbitrary method of determining the porosity in the target region. In contrast, the calculation of D p s uses several pores appearing in the target region and is less prone to the arbitrary selection of pores. Also, D p s enables us to determine the predominant cause of formation for several pores in the entire target region. 
Conclusions
The quantitative estimation of porosity in aluminum alloy die castings has been conducted to identify whether the predominant cause of porosity formation is shrinkage or gas. The complexity of the perimeter of individual pores and the spatial distribution of pores were quantified by fractal analyses. The validity of this method was investigated by comparing two different regions with different ratios of pores formed by shrinkage to pores formed by entrapped gas. The experimental results led to the following conclusions:
(1) The distributions of D p i were significantly different in the surface region (gas-origin-rich pores) and inner region (pores of both origins). Therefore, D p i appears to be an indicator of the predominant cause of porosity formation, shrinkage or gas. However, it is of concern that the estimation of D p i is based on the arbitrary selection of pores. shrinkage, and thus, the action that should be taken by die casters to manufacture pore-free die castings.
